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Uncontrolled protein adsorption and cell binding to biomaterial surfaces may lead

to degradation, implant failure, infection, and deleterious inflammatory and immune

responses. The accurate characterization of biofouling is therefore crucial for the

optimization of biomaterials and devices that interface with complex biological

environments composed of macromolecules, fluids, and cells. Currently, a diverse

array of experimental conditions and characterization techniques are utilized, making

it difficult to compare reported fouling values between similar or different biomaterials.

This review aims to help scientists and engineers appreciate current limitations and

conduct fouling experiments to facilitate the comparison of reported values and expedite

the development of low-fouling materials. Recent advancements in the understanding

of protein–interface interactions and fouling variability due to experiment conditions

will be highlighted to discuss protein adsorption and cell adhesion and activation on

biomaterial surfaces.
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INTRODUCTION

In vitro biofouling characterization is crucial for the discovery of materials for medical implants
and other blood or tissue contacting devices. Inaccurate or incomplete biofouling characterization
may hinder the discovery of promising biomaterials as initial results may not translate to in vivo
tests (Ratner, 2019). Because of the difficult nature of executing comparable biofouling experiments
between the ever-expanding library of biomaterials and many different procedures and techniques,
data comparison between reported values remains difficult or impossible (Heggestad et al.,
2019). The following will therefore discuss the unwanted biological outcomes from biofouling,
interactions of proteins and cells with material interfaces as a function of experimental conditions,
and fouling characterization techniques, all with respect to prominent biomaterial applications.

Surfaces of implanted and biofluid contacting materials are subject to interactions with
biological macromolecules, cells, and tissues (Anderson et al., 2008). Left uncontrolled, these
interactions can lead to deleterious inflammatory responses, infections (Busscher et al., 2012),
implant failures (Trindade et al., 2014), and loss of material performance. Protein interactions
with biomaterial surfaces can lead to thrombus formation (Gorbet and Sefton, 2004), degradation
of performance (Xie et al., 2018), and cell adhesion, where the identity (Swartzlander et al.,
2015; Vu et al., 2019) and state of adsorbed proteins dictate downstream cell responses
(Veiseh and Vegas, 2019).
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Host mammalian cells can encapsulate, or fibrose, the
implanted material leading to poor integration, loss of function
in implanted sensors, or drug delivery vehicles or degrade the
biomaterial itself via reactive oxygen species (Welch et al., 2020).
For example, fibrotic responses to implanted pacemakers can
lead to fatal outcomes in nearly 2% of removal procedures
despite advances (Rennert et al., 2014) and can degrade
hearing and cause device failure in 1% of cochlear implants
(Foggia et al., 2019).

Bacterial adhesion to biomaterials can lead to persistent and
difficult-to-treat infections through the production of biofilms,
which increases antibiotic resistance, as well as the failure
of implants altogether (Arciola et al., 2018). With respect to
bacterial complications, approximately two catheter-associated

FIGURE 1 | Beyond intrinsic material properties, experimental conditions and biological reagents greatly influence fouling results. (A) The amount of non-specific

protein adsorption on biomaterial surfaces is influenced by experimental conditions and protein sources chosen by the user. (B) Biofouling may hinder device

performance and produce unwanted biological events due to non-specific protein adsorption, increased bacterial adhesion, and deleterious interactions with

mammalian cells. Image of PDB ID 1BJ5 (Curry et al., 1998) created with (PyMol, 2015).

urinary tract infections occur every 1,000 days of catheter use,
contributing to urinary tract infections being the most common
hospital acquired infection (Saint et al., 2016). Furthermore, there
are 100,000–200,000 central line–associated blood infections
per year in the United States, even after the widespread
implementation of guidelines to reduce infections over the last
two decades (Bell and O’Grady, 2018).

To control (Vishwakarma et al., 2016) non-specific
biomolecule adsorption or cellular interactions with material
interfaces and identify promising low-fouling materials, we
must first select appropriate conditions for in vitro fouling
experiments. For non-specific adsorption and adhesion
measurements, we must carefully select the protein or biofluid
source, experimental conditions, and characterization methods,
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as they all influence protein adsorption and cell adhesion
(Figure 1). Because of the great number of variables, it is often
difficult to compare reported results between experiments
(Heggestad et al., 2019). It is therefore useful to include controls
and highlight limitations to prevent problematic comparisons.

Ultimately, the material and intended application should
guide the selection of biofouling experiments. As best as possible,
in vitro testing should recapitulate the biological conditions,
and the influence of any deviations should be considered. The
characterization tool will depend on intrinsic material properties
and the biological environment needed for the experiment. The
following will provide a brief overview of factors that influence
protein and cell adhesion on biomaterial surfaces and cover
common biofouling characterization methods.

NON-SPECIFIC ADSORPTION AND
ADHESION

Protein Adsorption
The interaction of proteins with surfaces is common in biological
environments, and their understanding is required to design
low-fouling biomaterials. Controlled and specific protein–surface
interactions are essential for non-medical and medical devices
for implant integration and tissue engineering (Fernandez-yague
et al., 2015). Protein–surface interactions can also be harmful;
they may prevent integration with host tissue for functional
recovery, as well as promote harmful blood clots and immune
responses (Vishwakarma et al., 2016).

Proteins adsorbing to biomaterial surfaces displace water
molecules (Chen et al., 2010) and interact with the material
through non-covalent Van der Waals, hydrogen bonds,
electrostatics, and hydrophobic interactions (Norde, 1996).
Proteins can then unfold or rearrange on the surface at
different rates (Roach et al., 2005). This process of adsorption,
conformational change, and displacement may be dynamic
and competitive. For example, the Vroman effect describes
the competitive displacement of abundant and high-mobility
proteins with proteins that have higher surface affinity and
lower mobility (Vroman et al., 1980). The rate of displacement
is dependent on protein concentration and material properties
(Horbett, 2018).

Because of limitations in experimental techniques,
quantification of protein adsorption cannot always be conducted
under physiological conditions. However, any deviations from
physiological conditions may change the amount of protein
adsorption (Figure 1A). Experimental factors that alter protein
interactions with materials include (1) protein concentration and
protein source (e.g., solution vs. serum), (2) charge screening by
ionic strength or pH changes, (3) fluorescent labels that increase
hydrophobicity, and (4) temperature.

The concentration of protein in solution impacts the amount
of non-specific protein adsorption on surfaces (Chandrasekaran
et al., 2013; Hedayati et al., 2020). Protein concentration can
also influence protein stability and rates of unfolding and surface
displacement, leading to dynamic changes in adsorbed protein
populations (Hedayati et al., 2020). For example, increasing
the concentration of milk or blood-sourced proteins from 0.1

to 2mg mL−1 led to greater adsorption on stainless steel
(Chandrasekaran et al., 2013). At lower concentrations, the trend
may be reversed; fibrinogen and albumin adsorption was greater
with ∼1 µg mL−1 than 1mg mL−1 solutions (Hedayati et al.,
2020). The wide variation of utilized protein concentrations also
complicates comparisons. As determined through observations
and a selection of reports, protocols without fluorescent or
radioactive proteins typically use concentrations of 1 (Dong et al.,
2016; Yu et al., 2017) to 80mg mL−1 (undiluted blood serum),
whereas protocols with fluorescently labeled proteins regularly
use 0.1–10mgmL−1 (Sundaram et al., 2011; Liu et al., 2017; Yang
et al., 2018; Feng et al., 2019), ranges that may be well below or
above physiological concentrations.

The amount and identity of adsorbed proteins can also change
with biofluid source; even pooled blood samples vary in protein
adsorption (Pereira et al., 2014). Age of biofluid samples modifies
protein conformation, leading generally to higher levels of non-
specific adsorption (Yang et al., 2009). Fluorescent labels on
protein surfaces may influence the orientation of proteins on
surface, modifying downstream cell adhesion. Finally, adsorbed
proteinsmay be displaced by other proteins over time when using
complex protein solutions, which introduces time as a variable.

Cell Adhesion to Protein Covered Surfaces
Cell adhesion to surfaces with adsorbed proteins is controlled
by protein identity, density (i.e., ng cm−2), conformation,
and orientation (Felgueiras et al., 2018) (Figure 2). For non-
adhesive proteins, proteins partially or fully denatured may
result in greater cell or bacteria adhesion by modifying surface
hydrophobicity. For adhesive proteins, the folded protein will
likely result in greater mammalian cell adhesion due to cell
surface integrins (Anselme et al., 2010). For example, only∼10 ng
cm−2 of fibrinogen is required for most cells to adhere, and even
less for monocytes (Shen et al., 2001). Beyond the protein coating,
adhesion is also dependent on surface biomaterial properties, cell
cycle stage, and environmental factors such as pH.

Cell adhesion to surfaces is also driven by material properties
independent of protein adsorption (Rahmati et al., 2020)
(Figure 2). Surface stiffness can control the adhesion of cells
in vitro (Yeung et al., 2005) and influence cell signaling
and differentiation in vivo (Miller and Davidson, 2013).
Surface structure, roughness, and engineered structures can
also influence cell adhesion (Graham and Cady, 2014), whereas
patterns direct cell alignment (Nguyen et al., 2016). Selective
cell adhesion has been demonstrated by controlling feature size
on surfaces. For example, surface features smaller than the
footprint of mammalian cells can prevent non-specific adhesion
of osteoblasts and promote bacterial adhesion (Wu et al., 2011).

Potential Unwanted Events Due to Cell
Adhesion
Because protein adsorption onto low-fouling materials is often
below detection limits, quantifying cell adhesion to surfaces may
be necessary to contextualize protein fouling data and investigate
potential cell-based biofouling events. Host cell interactions with
biomaterials may result in a range of biochemical processes such
as macrophage activation [and the foreign body response (FBR)],
platelet activation, and thrombus formation. The FBR is initiated
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FIGURE 2 | Characterization of cellular fouling due to differences in material properties is confounded by experiment factors and properties of adsorbed surface

proteins. Beyond material properties, the number and strength of surface adhered cells will be determined by cell type, flow conditions, and properties of adsorbed

proteins such as type, density, orientation, and conformation. Cell responses will then be influenced by altering biofilm formation for bacteria and potential immune

responses in mammalian environments. Furthermore, biologically mediated material degradation may occur. Images of PDB IDs 1EI3 (Yang et al., 2000), 1BJ5 (Curry

et al., 1998), 5WRA (Sugahara et al., 2017), and 5IEL (Kachalova et al., 2017) created with (PyMol, 2015). VdW, van der Waals force.

by protein adsorption followed by monocyte recruitment and
differentiation into macrophages, formation of giant cells, and
fibroblast recruitment for the formation of fibrotic capsules
(Veiseh and Vegas, 2019). In blood-contacting materials, platelet
and leukocyte adhesions are part of a complex cascade that leads
to thrombosis with potentially fatal effects (Gorbet and Sefton,
2004). The in vitro evaluation of blood contacting materials has
been well reviewed recently and is beyond the scope of this
manuscript (Weber et al., 2018).

Following bacterial adhesion to a surface, some bacteria can
form biofilms that may lead to serious infections. Biofilms are

extracellular matrices of proteins and carbohydrates that contain
bacteria colonies with distinct environments (Flemming et al.,
2016). Bacteria in biofilms are less susceptible to antibiotics,
making infections difficult to eliminate; antibiotics may be
up to 1,000-fold less effective against sessile than planktonic
bacterial states (Stewart, 2015). To initiate biofilm formation,
sufficient bacterial load must be present at the surface; load
requirements depend on biological conditions and species.

Biofilm characteristics are predominantly determined by the
environment; temperature and nutrient availability are primary
drivers of growth; shear forces control biofilm thickness and
density. In some cases, biofilms are induced by shear forces, and
still conditions hinder biofilm formation (Weaver et al., 2012).

TYPICAL PROTEINS AND CELLS USED
FOR FOULING EXPERIMENTS

Several types of proteins and cells are routinely used to
characterize biomaterial fouling. For proteins, individual or
mixtures are used to either reflect the most abundant proteins
in human serum and extracellular environments (e.g., human
serum albumin) or highlight important downstream processes
such as cell adhesion (e.g., fibronectin) or thrombus formation
(e.g., fibrinogen) (Table 1). Mixtures of proteins have been used
to mimic abundant circulating proteins (Fabrizius-Homan and
Cooper, 1991) or to study the Vroman effect (Goor et al., 2017).
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Cell types for characterization should be selected to elucidate
biomaterial responses relevant for the intended application or
implant-related infections (Table 1).

METHODS FOR QUANTIFYING BULK
PROTEIN FOULING ON PLANAR
SURFACES

A number of quantitative methods are commonly employed
to measure protein adsorption on low-fouling coatings using
sensors, planar surfaces, or detection labels and reagents.
Because of differences in detection, fouling results from
different techniques and methods must be carefully examined
before comparison. Each technique will introduce deviations
in experimental parameters that influence fouling levels such
as concentration, flow, temperature, and time. Furthermore,
many techniques use sensors or surfaces that are coated
with low-fouling materials; grafting efficiency will therefore
further introduce variability. Additionally, it has recently been
shown that minor deviations during sample preparation for
characterization techniques can also impact fouling levels
(Visova et al., 2020). To overcome these differences in sample
preparation, as well as reduce variability between samples, several
techniques for characterizing low-fouling coatings have been
extended to high-throughput screening (HTS) (Hook et al., 2010,
2012; Magennis et al., 2016).

Several of these methods provide quantitative data without
the need for fluorescent or radioactive labels, allowing for

biofouling characterization with a wide variety of proteins and
complex biofluids (Table 2), whereas techniques that require
fluorescent or radioactive labels on proteins are generally limited
to biofouling experiments with individual proteins.

SPR and QCM-D
Surface plasmon resonance (SPR) allows for the characterization
of low-fouling surface coatings, usually polymeric films, with
unmodified protein solutions and complex biofluids; SPR
signal increases with protein adsorption allowing real-time
measurements. SPR is limited to characterizing films that can
be synthesized from or grafted to the sensor’s gold surface; the
immobilized coating must be compatible with flow conditions
of the SPR microfluidics. Generally, SPR’s limit of detection is
reported around 0.3 ng cm−2, which is above the fouling limit
of several reported low-fouling surfaces, making comparisons
difficult for very lower-fouling materials (Blaszykowski et al.,
2012). Furthermore, the calculation of total protein non-
specifically adsorbed relies on calibration standards that assume
saturated monolayers of model proteins (Zhang et al., 2006).

Quartz crystal microbalance with dissipation monitoring
(QCM-D) is less sensitive (1.8 ng cm−2) (Edvardsson, 2009)
than SPR but offers greater variety of sensor surface chemistry,
with metallic and polymeric coatings commercially available
for functionalization. The added complexity of QCM-D data
compared to SPR affords additional capabilities providing insight
into the adsorbed protein layer’s mechanical properties (Tonda-
turo et al., 2018). Furthermore, the sensitivity of QCM-D sensors

TABLE 1 | Biological materials commonly used for biofouling characterization with respect to endpoint measurement.

Biological material Primary reason for choice End-point measurement References

Proteins Albumin Abundance in serum and blood Non-specific adsorption Brash et al., 2019

Fibrinogen Role in thrombosis Non-specific adsorption,

conformation bioactivity

Horbett, 2018

Fibronectin Role in cell adhesion Parisi et al., 2020

Vitronectin Role in cell adhesion Wilson et al., 2005;

Franz et al., 2011

Biofluids CSF Biomaterials for central nervous

system

Amount and profile of adsorbed

proteins

Harris et al., 2011

Serum Typical protein source in cell

culture and blood

Gunkel and Huck, 2013

Whole blood Required for testing compatibility

of blood contacting materials

Adsorption, complement

activation, thrombosis

Weber et al., 2018

Bacteria E. coli Biotechnology model organism,

implicated in some implant

associated infections

Adhesion Francolini et al., 2017

P. aeruginosa Common bacteria implicated in

hospital acquired infections,

forms biofilms

Adhesion, biofilm formation Wagner et al., 2016

S. epidermidis/S.

aureus

Responsible for over 50% of

implant infections

Oliveira et al., 2018

Mammalian Fibroblast Lead to fibrosis following chronic

inflammation

Adhesion Witherel et al., 2019

Macrophage Implicated in immune responses

to material

Adhesion, polarization Huyer et al., 2020

CSF, cerebrospinal fluid; E. coli, Escherichia coli; P. aeruginosa, Pseudomonas aeruginosa; S. aureus/S. epidermidis, Staphylococcus aureus/Staphylococcus epidermidis.

Frontiers in Chemistry | www.frontiersin.org 5 December 2020 | Volume 8 | Article 604236

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Jesmer and Wylie Improving Biomaterial Fouling Characterization

TABLE 2 | Advantages and limitations of commonly employed techniques to characterize protein adsorption and cell adhesion.

Technique Advantages Limitations Label required LOD References

Protein adsorption SPR Good detection limit Substrate must be planar,

thin coatings, limited

sensors options

– 0.3 ng cm−2 Blaszykowski et al.,

2012

QCM-D Good detection limit,

sensitivity to viscoelasticity

Planar, thin materials,

stringent substrate materials

– 1.8 nm cm−2 Edvardsson, 2009

Ellipsometry Good detection limit Specific material

requirements

– 0.1 nma/5 ng

cm−2

Richter and Brisson,

2005

TIRF Single molecule, time

dynamic

Planar, label required, low

concentration limit

+ — Hedayati et al., 2020

XPS Elemental and bonding

information

Qualitative, presence of high

background signals in

common polymeric

materials (e.g., nitrogen)

– 10–200 ng cm−2 Wagner et al., 2002

ToF-SIMS Good detection limit, high

spatial resolution

Limited sampling depth – 0.1–49 ng cm−2 Wagner et al., 2002;

Madiona et al., 2017

Total protein assay

(bicinchoninic acid)

Affordable Requires detergents, large

surface areas

– 0.5 ug mL−1 Pierce

Biotechnology, 2017

ELISA Protein type specific,

orientation information

Expensive, time consuming –/+ 0.5–5 ng cm−2 Ngo and Grunlan,

2017

LC–MS Protein specific information High cost – 1 pg mL−2/2–4

pmol mm−2

Rao et al., 2013;

Maes et al., 2014

Coated AFM Quantitative adhesion force Tip labeling/modification

with proteins is required

– 10 pN Medalsy et al., 2011

Fluorescent labeling Affordable, quantitative Simple protein mixtures + 1 ng cm−2 Wei et al., 2014

Radiolabeling Quantitative, good detection

limit, small label size

Handling, accessibility + 0.05 ng cm−2 Felgueiras et al.,

2018

Cell adhesion Visible light

microscopy

Common instrumentation,

cell geometry (e.g.,

spreading, elongation)

Rudimentary data provided –/+ ∼0.3µm Ntziachristos, 2010

SEM Direct adhesion visualization Low throughput, sample

prep

– 10 nm Santoro et al., 2017

Label required (+), label free (–). SPR, surface plasmon resonance; QCM-D, quartz crystal microbalance with dissipationmonitoring; TIRF, total internal reflection fluorescencemicroscopy;

XPS, x-ray photoelectron spectroscopy; ToF-SIMS, time of flight secondary ion mass spectrometry; ELISA, enzyme-linked immunosorbent assay; LC-MS, liquid chromatography-mass

spectrometry; AFM, atomic force microscopy; SEM, scanning electron microscopy. aThickness of overlayer.

to changes in the viscoelastic properties of overlayers can be used
to characterize changes in cellular dynamics once adhered to a
surface of interest (Kushiro et al., 2016). Similar to SPR, low-
fouling coatings must be compatible with QCM-D’s microfluidic
system, and coating thickness may hinder protein adsorption
within the detection volume of the sensor (Luan et al., 2017).
Unique to QCM-D sensors, the viscosity and thickness of
anti-fouling polymer brush layers on QCM-D sensors are known
to influence fouling results.

Ellipsometry
Ellipsometry is a light-based method used to measure film
thickness by variations in reflected polarized light and can detect
protein adsorption down to 5 ng cm−2 with a large array of
available surface chemistries for coatings (Welch et al., 2017).
Unlike SPR and QCM-D, ellipsometry does not require flow
conditions, but sensors must be made from reflective materials
for sample characterization in liquid or air. The technique
is routinely employed to characterize the modification of
materials with polymer overlayers. Ellipsometry measurements
can determine adsorbed protein film thickness and mass from

refractive index and thickness values (Hook et al., 2001).
Ellipsometry has also been combined with other methods, such
as QCM-D to provide richer protein adsorption data. On a
nanopillar surface, ellipsometry models in conjunction with
QCM-D were used to distinguish between fibronectin adsorbed
to the tops or in between nanopillars to elucidate how location of
adsorbed protein impacts cell adhesion (Kasputis et al., 2015).

Atomic Force Microscopy
Atomic force microscopy (AFM) can image proteins adsorbed
on surfaces, providing protein conformation information.
On flat surfaces, cell adhesion and spreading have also
been characterized by AFM. For example, AFM was used
to determine the conformation of non-specifically adsorbed
immunoglobulin G and its impact on Staphylococcus epidermidis
adhesion (Hou et al., 2018). The conformation of bovine serum
albumin (BSA) adsorbed onto surfaces with physiosorbed or
covalently bound RGD peptide was also deduced by AFM to
demonstrate that BSA conformation is maintained in “ECM-like
environments” (Pinho and Piedade, 2013).
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METHODS FOR MEASURING PROTEIN
ADSORPTION ON COMPLEX MATERIALS

Not all low-fouling materials are amenable to characterization
methods utilizing planar sensor surfaces, as described inMethods
for Quantifying Bulk Protein Fouling on Planar Surfaces. For
example, the material may not be amenable to surface grafting
or important material properties; such stiffness and surface
structures may not be recapitulated on the sensor surface. The
following techniques are routinely employed to quantify protein
adsorption without planar sensor surfaces. These techniques
not only offer greater experimental flexibility and detection
specificity but also require the careful selection of controls to
ensure results can be accurately interpreted (Tables 2, 3).

Methods for Characterizing Unlabeled
Proteins
Extraction of Adsorbed Protein for Quantification
After materials are exposed to protein solutions or biological
fluids, unlabeled proteins are removed from the surface of
interest with a detergent compatible with total protein detection
assay such as sodium dodecyl sulfate (Ju et al., 2009; Ma et al.,
2015; Dong et al., 2016). For example, the bicinchoninic acid
(BCA) assay detects protein peptide bonds and has been used
for adsorbed protein quantification on a variety of biomaterials,
with detection levels of ∼ 1µg cm−2. The absorbance signal
produced by the BCA assay is amino acid dependent; calibration
curves should therefore be prepared with proteins of interest
(Walker, 1996).

Methods requiring extraction of adsorbed proteins
are limited by the fact that most detergents do not
quantitatively remove all proteins from surfaces (Riedel
et al., 2016). Therefore, assays usually report values relative
to positive controls; calibrations curves can estimate
adsorbed protein amounts, assuming near quantitative
removal (Jesmer et al., 2020). The use of detergents
prevents the investigation of adsorbed protein conformation,
or bioactivity.

Enzyme-Linked Immunosorbent Assay: Detecting

Adsorbed Proteins
Enzyme-linked immunosorbent assays (ELISA) can be used to
measure proteins non-specifically adsorbed to surfaces, blood
complement activation, and proteins produced by adhered
cells. ELISAs detect surface adsorbed proteins, which act as
the capture layer. Generally, ELISAs are limited to detecting
a single adsorbed protein; ELISAs are therefore suitable for
fouling experiments using a simple protein solution (i.e.,
fibronectin solution) or a biofluid to detect a specific protein’s
adsorption from a complex mixture (i.e., fibrinogen adsorption
from blood).

ELISA can provide adsorbed protein conformation and
bioactivity information. ELISAs have been used to measure
adsorbed fibronectin bioactivity, which is advantageous over total
protein measurements that cannot assess bioactivity (Tziampazis
et al., 2000; Seo et al., 2013). ELISAs can also be used to

detect potential immune responses. To measure complement
activation due to a hydrogel, an ELISA was used to measure C5b-
9 complement activation in serum exposed to material surfaces
(Li B. et al., 2019).

ELISA measurements are independent of the substrate
material, eliminating the need for proxy surfaces like
SPR’s gold sensors. When measuring fibrinogen adsorption
onto antifouling zwitterionic coatings on planar materials,
ELISA and SPR were compared (Cheng et al., 2009).
Upon quantifying fibrinogen adsorption, ELISA indicated
greater adsorption than SPR due to differences in polymer
grafting density between glass and the SPR gold sensor.
Therefore, ELISAs may provide more relevant data for
non-gold surfaces.

Liquid Chromatography With Mass Spectrometry:

Determining Adsorbed Protein Content After

Extraction
Understanding the types and ratios of adsorbed proteins may
provide insight into potential downstream in vivo effects and
immune responses upon implantation (Othman et al., 2018).
To profile all adsorbed proteins, liquid chromatography with
mass spectrometry (LC-MS) may be employed to provide
more information than total protein methods such as BCA.
For example, protein adsorption from serum onto surfaces
of varying hydrophilicity (water contact angle of 49◦ to 92◦)
showed similar total protein levels on all surfaces, but LC-MS
determined differences in the types of proteins adsorbed.
The same surfaces also displayed different bioactivities,
which was demonstrated by tracking cytokine release from
macrophages seeded on the biomaterial surface; macrophages
released more proinflammatory cytokines [tumor necrosis
factor α (TNF-α), interleukin 6 (IL-6), IL-1b, interferon γ-
induced protein 10] and less anti-inflammatory cytokines
(arginase, IL-10) with increasing surface hydrophobicity
(Visalakshan et al., 2019). Protein profiling provided
key information that total protein characterization could
not provide.

LC-MS protein identification has been used to relate
adsorbed proteins on hydrogel implants to the potential FBR
capsule formation and thickness. On hydrogels that varied in
composition and stiffness, total adsorbed protein amounts did
not correlate to FBR capsule thickness. LC-MS analysis of
adsorbed proteins 30min after implantation demonstrated that
the presence of proteins associated with extracellular matrix
construction and cell adhesion were strong predictors of FBR
capsule thickness (Jansen et al., 2018).

Surface Sensitive Techniques: X-Ray Photoelectron

Spectroscopy and Time of Flight Secondary Ion

Mass Spectrometry
Surface sensitive techniques to determine material composition
can characterize protein overlayers on biomaterials. Both x-ray
photoelectron spectroscopy (XPS) and time of flight secondary
ion mass spectrometry (ToF-SIMS) detect only the first ∼10
and 2 nm, respectively, of a material (Castner and Ratner,
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TABLE 3 | Techniques for the characterization of biological responses to biomaterial surfaces.

Biological response Technique Advantages Limitations References

Thrombogenesis ELISA, Optical

density

Recapitulates blood

response

Impacted by blood source, storage and

test setup

Weber et al., 2018

Platelet activation ELISA, microscopy Recapitulates blood

response

Impacted by blood source, storage and

test set up. Expensive detection

Weber et al., 2018

Macrophage

activation/polarization

ELISA, microscopy Relevance to in vivo

outcomes

M1–M2 classification may be too simplistic Brown et al., 2012;

Murray et al., 2015

Biofilm formation Surface culture,

microscopy

Relevant, challenging

endpoint

Variable with strain and environment Sjollema et al., 2018

2002), making them ideal techniques for quantification of
adsorbed material without requiring extraction and collection.
Although substrate composition (e.g., elemental composition
overlap with protein) and film thickness impact the sensitivity
of both techniques (Wagner et al., 2002). Film thickness
impacts each technique differently as the sampling depth
of XPS is deeper than ToF-SIMS, for example, on sodium
styrenesulfonate-coated and bare gold surfaces exposed to
various protein solutions, ToF-SIMS signals saturated before
XPS signals of protein adsorption, due to the increased
sampling depth of the XPS technique as adsorbed protein
overlayers can be thicker than the ToF-SIMS sampling depth
(Foster et al., 2016). XPS and ToF-SIMS have been used
in conjunction to measure surface chemical composition and
protein adsorption levels on gradient polyethylene glycol
(PEG) surfaces. The high spatial resolution of the techniques
and ability of both to detect protein in situ allowed for
correlation between adsorbed protein and surface polymer
density without requiring multiple sample surfaces (Menzies
et al., 2012).

Methods for Quantifying Adsorbed
Proteins Modified With Detection Labels
Quantification of fluorescent or radioactive protein is easily
achieved using the corresponding instrumentation with
standards for calibration; labeled proteins have improved limits
of detection when compared to absorbance-based protein
quantification methods (Table 2). Labels may limit fouling
studies to individual proteins and alter protein properties
such a hydrophobicity and bioactivity. Generally, in vitro
fouling assays with labeled protein are carried out below
physiological concentrations without competing proteins, which
may poorly predict in vivo performance. Therefore, fluorescent
and radioactive labels offer greater sensitivity, but current
experimental design for fouling experiments may not always
mimic in vivo conditions.

Fluorescent Labels
Because of their high sensitivity, fluorescently labeled proteins are
commonly used to characterize non-specific protein adsorption
to surfaces. Quantification of adsorbed fluorescent proteins
is regularly performed by fluorescence microscopy or protein
extraction for solution fluorescent measurements.

Fluorescent techniques can also provide information about
protein folding, orientation, and reversibility of non-specific
adsorption at single-molecule binding resolution. Using
fibronectin with fluorescence resonance energy transfer (FRET)
labels, residence time and folding state of adsorbed protein were
determined on different polymeric PEG surfaces. Fibronectin’s
adsorption rate decreased with higher PEG density, but surface
residence time increased because of more protein unfolding
(Marruecos et al., 2016); greater residence time with higher
PEG densities has not been observed with unlabeled proteins.
Fluorescein, a commonly used fluorescent label, was shown to
change the orientation of adsorbed lysozyme on surfaces in a
modeling study (Romanowska et al., 2015). FRET pairs have also
been used to confirm conformation of surface adsorbed protein
(Marruecos et al., 2016). Single-molecule resolution TIRF for
Alexa Fluor 647–labeled BSA and fibrinogen fouling on PEG
surfaces determined that non-specific adsorption was reversible.
Fouling was also inversely correlated to protein concentration on
PEG surfaces, where ∼1 µg mL−1 BSA and fibrinogen solutions
resulted in fouling, whereas the use 1mg mL−1 solutions yielded
surfaces with no detectable protein (Hedayati et al., 2020). The
authors proposed that increased protein concentrations near
the material surface could stabilize protein conformation and
decrease the likelihood of proteins denaturing on the surface
leading to lower fouling levels at the higher concentration.

Fluorescent labels can also alter protein properties that
may influence adsorption degrees. For example, fluorescent
labeling has been shown to influence the protein’s isoelectric
point (by ∼0.1), size, and charge (Bingaman et al., 2003).
Characterization via single-labeled fluorescent proteins does not
provide information on protein conformation or orientation
and is limited to simple protein solutions; the use of biofluids
is difficult because of labeling differences within the large
protein population.

Radioactive Labels
In contrast to fluorescent tags, radioactive labels can be
introduced during protein expression with a radioactive amino
acid or by covalently grafting a small tag. Because of high
sensitivity, radio-tagged protein assays have detection limits as
low as 0.05 ng cm−2 (Felgueiras et al., 2018). While grafting
small radiolabels has minor impacts on protein properties,
oxidizing conditions used inmany labeling reactions can result in
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protein aggregation and degradation, resulting in greater protein
adsorption over unlabeled proteins (Holmberg et al., 2007).
Radiolabels are typically used to measure total adsorption of an
individual protein and do not provide information about protein
conformation or orientation.

Coated AFM: Modified Tips for Selective Protein

Detection
Protein-coated AFM tips can quantify adhesive forces between
individual adsorbed proteins and biomaterials, which can impact
cell adhesion outcome. Fibronectin-coated AFM in concert with
fluorescently labeled proteins can be used to correlate total
protein adsorption (via fluorescence) and adhesive forces to
surfaces; a strong linear relationship between single protein
adhesive strength and total protein adsorption is usually observed
(Taylor et al., 2008). In conjunction with ELISA, AFM can
be used to measure protein adsorption force to multiple
surface chemistries and protein conformation. Fibronectin-
coated AFM also demonstrated that the strength of protein
material interactions determines cell fate. Stronger interactions
between fibronectin and materials led to decreased cell viability
by hindering matrix remodeling (González-garcía et al., 2018).

CELLULAR ADHESION AND ACTIVATION

For biomaterials that will be exposed to cells, quantifying cell
adhesion and activity is necessary as protein adsorption does
not necessarily correlate with downstream cellular activities; even
when protein adsorption is below detection limits, cells have been
shown to interact with surfaces.

Low-fouling materials are generally designed to prevent or
minimize cell adhesion, but cell adhesion can be advantageous for
some medical implants. For example, adhesion of cells associated
with anti-inflammatory pathways may improve biomaterial
outcomes, and cell integration is necessary for dental and joint
replacements, although cellular interactions with biomaterials

should be studied to avoid deleterious immune responses for
most medical implants.

Quantifying Mammalian Cell Fouling
Interactions between mammalian cells and biomaterials are
routinely characterized by (1) detection of the adhered cells
through microscopy or metabolic activity and (2) detection of
signals produced by cells (i.e., adhesins or cytokines; Tables 2, 3).
These methods are complementary and together can provide
detailed information regarding biomaterial fouling and potential
immune outcomes. In vitro methods to recapitulate the full
in vivo immune response remain an active area of research
(Sharifi et al., 2019).

Adhered cells are commonly characterized by microscopy to
determine cell number, morphology, elongation, and spreading,
which can all be related to cell bioactivity. For example, cell
morphology has been linked to macrophage phenotype, with
elongated cells exhibiting anti-inflammatory properties (Luu
et al., 2015). SEM and fluorescence microscopy have also been
used to quantify cell elongation and spreading on grooved
surface, which correlated with cytokine profiles (Luu et al.,
2015). To study interactions between topographical surfaces with
cells, a method combining focused ion beam and SEM (FIB-
SEM) was developed to determine cell adhesion preferences and
morphologies as a function of nanostructures. Cells were found
to preferentially bind to protrusions over pores by visualizing
adhesion points (Santoro et al., 2017).

Biochemical techniques used in concert with microscopy can
find trends between bioactivity and cell number or morphology.
ELISA assessment of IL-6 and TNF-α with fluorescent
microscopy demonstrated that macrophage adhesion on
fibronectin-coated surfaces correlated with a low inflammatory
activation state; FRET experiments indicated that cells on
surfaces with stabilized fibronectin had low inflammatory
cytokine profiles (Faulón Marruecos et al., 2019). Interestingly,
unfolded adsorbed fibronectin promoted a proinflammatory

TABLE 4 | Primary bacterial infections and conditions by implant site.

Implant site Primary bacterial infection Shear rate (s−1) Fluid type REF

Ocular surface P. aeruginosa/S. epidermidis 0.35 Tears Bakker et al., 2003;

Dutot et al., 2009

Urinary tract P. aeruginosa 15 Urine Dohnt et al., 2011;

Azevedo et al., 2017

Bone S. aureus/CoNS — — Li and Webster, 2017

Spinal column Early S. aureus, late P. acnes — — Lall et al., 2015

Peritoneal cavity S. epidermidis/S. aureus 20–120 CSF Bloomfield et al., 1998;

Vinchon and

Dhellemmes, 2006

Vascular TIVAP <30 d—S. aureus

Total—CoNS

10–1,000Casa et al.,

2015

Blood Lebeaux et al., 2014

Vascular graft Early CoNS, Late

S. aureus/E. coli

Saleem et al., 2010

PICC/CVC CoNS Haddadin et al., 2020

CoNS, coagulase-negative staphylococci; CSF, cerebrospinal fluid; TIVAP, totally implantable venous access port; PICC, peripherally inserted central venous catheter; CVC, central

venous catheter; early, <3 months after surgery; late, >3 months after surgery.

Frontiers in Chemistry | www.frontiersin.org 9 December 2020 | Volume 8 | Article 604236

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Jesmer and Wylie Improving Biomaterial Fouling Characterization

state, indicating the need to study protein stability and not only
total amounts.

The treatment and preparation of materials before cell
adhesion assays can impact cell adhesion outcomes; pre-exposing
biomaterial surfaces to proteins prior to cell assay impacts cell
density and spreading (Jansen et al., 2018). For example, protein
choice during pre-exposure impacted the adhesion and spreading
of human fibroblasts on polymer coated titanium surfaces;
BSA did not significantly influence cell adhesion or spreading
unlike fibrinogen, which promoted adhesion and spreading
(Pei et al., 2011).

High-Throughput Methods to Measure Macrophage

Adhesion and Activation
To minimize proinflammatory polarization of immune
cells, implantable biomaterials are now being designed
to promote anti-inflammatory polarizations. To this
end, a high-throughput method for non-specific protein
adsorption alongside macrophage adhesion and polarization,
a component of inflammation (Brown et al., 2012), was
developed using microprinted polymer spot arrays (Rostam
et al., 2020). Polymer spot microarrays were assayed for cell
attachment and macrophage polarization by microscopy and
calprotectin/mannose receptor staining. HTS hits were then
subjected to more rigorous screens for cytokine profile and
phagocytic ability of macrophages as well as mass spectrometry
of adsorbed proteins from fetal bovine serum.

Bacterial Fouling Related to Medical
Implants
Resistance of material surfaces to bacterial colonization is
commonly pursued through two main strategies of (1) adhesion
resistance and (2) active killing. Adhesion resistance strategies
prevent bacteria from adhering and eventually forming biofilms,
usually through methods that repel protein and host cell
adhesion. In active killing strategies, surfaces may kill settled
bacteria on contact through chemical or physical means or the
release antibacterial agents (Campoccia et al., 2013). Methods of
testing in vitro bacterial fouling have been well reviewed recently
(Azeredo et al., 2017; van de Lagemaat et al., 2017; Boudarel et al.,
2018; Sjollema et al., 2018).

When measuring the resistance of a biomaterial to bacterial
adhesion and biofilm formation, the environment of the intended
implant location should be replicated. The implant site will also
guide the selection of bacteria strain to investigate. Implant
sites also vary in shear forces from fluid flow, immune
environments, and host cell–bacteria interactions (Busscher et al.,
2012) (Table 4). For example, two low fouling surfaces with
similar resistance to fibrinogen adsorption showed drastically
different biofilm formation when exposed to the P. aeruginosa
due to differences in flow conditions; under static conditions,
no biofilm was observed after 6 months (Wang et al., 2020),
whereas biofilms formed after only 10 days under flow conditions
(Cheng et al., 2009).

Tissue and Bacterial Cell Co-culture
Implanted materials that lead to infection will be in the presence
not only of bacterial cells but also of the host tissue, both
of which compete for the implant surface (Busscher et al.,
2012). Co-cultures of bacterial and mammalian cells have
therefore been used, especially with respect to bacterial effects on
implant integration. Co-culture setup requires preliminary work
with monoculture to determine optimal growth densities and
conditions that will support both cell types (Zaatreh et al., 2016).
In addition to live bacterial strains, co-culture setups including
heat-killed bacteria have been used to study the influence of the
presence of bacteria without requiring conditions that support
both cell types. A study including heat-killed bacteria found
that presence of low levels of bacterial signals could improve
integration of biomaterials, although the authors highlight the
limitations of their results to the specific experimental setup (Yue
et al., 2015). Bacterial response to biomaterials are dictated by
their environment leading to different outcomes when cultured
alone or in the presence of eukaryotic cells; for example,
surfaces exposed to mammalian cells may have antimicrobial
activity by enhancing immune responses directed toward bacteria
(Li J. et al., 2019; Yang et al., 2019).

Choosing Relevant Fouling Assays
The intended application will dictate the in vitro biofouling
assay(s) required to assess biomaterials, with the site and length
of implantation being prominent factors to select protein or
biofluid sources, concentrations, cell types, flow rates and fluid-
associated stress, and biological characterizations (e.g., cytokines
related to immune responses). Immune responses are more
important for long-term implants, and cell types should be
chosen to investigate long-term biological responses such as
the fibrotic response. Furthermore, some biomaterials require
tissue integration (e.g., dental implant, joint replacement),
whereas others benefit from the lack of tissue integration (e.g.,
catheters), which will also help identify requirements for in vitro
biofouling experiments.

In combination with Figures 1–3 was designed to help
guide the selection of biofouling experiments, although each
material in development will need to be carefully considered to
select appropriate biofouling experiments and controls. Figure 3
highlights the most common biofouling tests required for
biomaterials as a function of duration of implantation (short vs.
long term) and the site of biomaterial implantation (biomaterial
site). Once the protein and cell fouling experiments are identified,
experimental design must be carefully executed to establish in
vitro conditions that mimic in vivo fouling, which is explained
in Figures 1, 2.

Despite being an affordable and accessible protein, BSA
is not recommended for any specific implantation site in
Figure 3 as the protein is not physiologically relevant and
differs in sequence and fouling profile, even compared to
human serum albumin (Su et al., 2000). Blood serum is a
commonly used and accessible biological material used for
fouling experiments, but limitations in its applicability should
be considered when planning fouling experiments. Blood serum
is free of fibrinogen, which was found to adsorb to all tested
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low-fouling PEG-based surfaces (Riedel et al., 2013), and the
age of serum samples lead to different fouling profiles (Yang
et al., 2009). Further, serum properties are not well-defined
and vary by batch and supplier, and moreover, there are
interspecies differences between the commonly used fetal bovine
serum and human serum, which alter cell behavior in vitro
(Heger et al., 2018).

Following the choice of appropriate biological material and
conditions, techniques should be chosen that can measure the
outcomes of biofouling in different ways to internally corroborate
findings. More than one technique should be used to characterize
biofouling in order to overcome the limitations of individual
techniques (Tables 2, 3), increase confidence in results, and
improve ability to compare findings between papers. To further
improve interstudy comparability, standard negative and positive
controls such as glass and tissue culture plastic should be
included in each in vitro assay; with consistent surface and
experimental controls within the literature, it will improve
our ability to compare published data to better interpret the
antifouling properties of new materials. The same material
should be used throughout characterization steps; for example, if
a polymer coating is being characterized, the substrate material

should be the same for all tests to control for differences in
grafting density and stiffness. Finally, experimental details and
the reasons for their choice should be clearly stated, and their
impact on results discussed as outlined in the MIRIBEL standard
(Faria et al., 2018).

CONCLUSIONS

The discovery and development of low-fouling or controlled
fouling biomaterials remain an important active area of
research. The current heterogeneity of in vitro biofouling
experimental conditions and characterization methods hinders
biomaterial discovery and translation. This review highlights
how controls, experimental design, and characterization
limitations must be considered for the interpretation of in vitro
results. Ideally, in vitro conditions will mimic conditions
for the biomaterial’s intended application to accelerate
translation into the real world and clinic. To this end, the
review provides guidance for the selection and execution
of in vitro fouling experiments, while stressing that the
biomaterial under study will greatly influence the needed
biofouling experimentation.

FIGURE 3 | Identification of appropriate in vitro biofouling experiments for low-fouling biomaterials. The site and length of implantation will determine the variety of

biological components for screening. Above is an example of how the site and length of implantation can help guide the selection of biologic components for

biofouling experiments. For experimental setup consideration of proteins and cells, refer to Figures 1, 2, respectively. BSA, bovine serum albumin; Fg, fibrinogen;

Vn, vitronectin; Fn, fibronectin; P. aeruginosa, Pseudomonas aeruginosa; S. aureus/epidermidis, Staphylococcus aureus/Staphylococcus epidermidis.
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SUMMARY

Understanding the extent and nature of biomaterial fouling is
crucial for the development of medical devices and antibacterial
surfaces. In light of recent insights into protein–material
interactions and heterogeneity of reported fouling values, we
review common experimental conditions and detection methods
for in vitro fouling measurements to establish guidelines for
improved in vitro fouling experiments. The ultimate goal is to
expedite the discovery of low-fouling biomaterials.

AUTHOR CONTRIBUTIONS

AJ and RW conceived, wrote, and prepared the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the Natural Sciences and
Engineering Research Council (NSERC; 2015-05429).

REFERENCES

Anderson, J. M., Rodriguez, A., and Chang, D. T. (2008). Foreign body reaction

to biomaterials. Semin. Immunol. 20, 86–100. doi: 10.1016/j.smim.2007.

11.004

Anselme, K., Ploux, L., and Ponche, A. (2010). Cell / material interfaces : influence

of surface chemistry and surface topography on cell adhesion. J. Adhes. Sci.

Technol. 24, 831–852. doi: 10.1163/016942409X12598231568186

Arciola, C. R., Campoccia, D., and Montanaro, L. (2018). Implant infections:

adhesion, biofilm formation and immune evasion. Nat. Rev. Microbiol. 16,

397–409. doi: 10.1038/s41579-018-0019-y

Azeredo, J., Azevedo, N. F., Briandet, R., Cerca, N., Coenye, T., Costa, A. R., et al.

(2017). Critical reviews in microbiology critical review on biofilm methods A.

Crit. Rev. Microbiol. 43, 313–351. doi: 10.1080/1040841X.2016.1208146

Azevedo, A. S., Almeida, C., Gomes, L. C., Ferreira, C., Mergulhão, F. J., Melo, L.

F., et al. (2017). An in vitromodel of catheter-associated urinary tract infections

to investigate the role of uncommon bacteria on the escherichia coli microbial

consortium. Biochem. Eng. J. 118, 64–69. doi: 10.1016/j.bej.2016.11.013

Bakker, D. P., Plaats, A. Van Der Verkerke, G. J., Busscher, H. J., and van der Mei,

H. C. (2003). Comparison of velocity profiles for different flow chamber designs

used in studies of microbial adhesion to surfaces. Appl. Environ. Microbiol. 69,

6280–6287. doi: 10.1128/AEM.69.10.6280-6287.2003

Bell, T., and O’Grady, N. (2018). Prevention of central line-associated bloodstream

infections. Infect. Dis. Clin. 31, 551–559. doi: 10.1016/j.idc.2017.05.007

Bingaman, S., Huxley, V. H., and Rumbaut, R. E. (2003). Fluorescent dyes modify

properties of proteins used in microvascular research. Microcirculation 10,

221–231. doi: 10.1038/sj.mn.7800186

Blaszykowski, C., Sheikh, S., and Thompson, M. (2012). Surface chemistry to

minimize fouling from blood-based fluids. Chem. Soc. Rev. 41, 5599–5612.

doi: 10.1039/c2cs35170f

Bloomfield, I. G., Johnston, I. H., and Bilston, L. E. (1998). Effects of proteins, blood

cells and glucose on the viscosity of cerebrospinal fluid. Pediatr. Neurosurg. 28,

246–251. doi: 10.1159/000028659

Boudarel, H., Mathias, J., Blaysat, B., and Grédiac, M. (2018). Towards

standardized mechanical characterization of microbial bio films:

analysis and critical review. NPJ Biofilms Microbiomes 4, 1–15.

doi: 10.1038/s41522-018-0062-5

Brash, J. L., Horbett, T. A., Latour, R. A., and Tengvall, P. (2019). The blood

compatibility challenge. part 2, protein adsorption phenomena governing

blood reactivity. Acta Biomater. 94, 11–24. doi: 10.1016/j.actbio.2019.06.022

Brown, B. N., Ratner, B. D., Goodman, S. B., Amar, S., and Badylak, S. F.

(2012). Macrophage polarization: an opportunity for improved outcomes

in biomaterials and regenerative medicine. Biomaterials 33, 3792–3802.

doi: 10.1016/j.biomaterials.2012.02.034

Busscher, H. J., van der Mei, H. C., Subbiahdoss, G., Jutte, P. C., van den

Dungen, J. J., Zaat, A. M. (2012). Biomaterial-associated infection : locating

the finish line in the race for the surface. Sci. Transl. Med. 4:153rv10.

doi: 10.1126/scitranslmed.3004528

Campoccia, D., Montanaro, L., and Arciola, C. R. (2013). A review of the

biomaterials technologies for infection-resistant surfaces. Biomaterials 34,

8533–8554. doi: 10.1016/j.biomaterials.2013.07.089

Casa, L. D. C., Deaton, D. H., and Ku, D. N. (2015). Role of high shear rate in

thrombosis. J. Vasc. Surg. 61, 1068–1080. doi: 10.1016/j.jvs.2014.12.050

Castner, D. G., and Ratner, B. D. (2002). Biomedical surface science: foundations

to frontiers. Surf. Sci. 500, 28–60. doi: 10.1016/S0039-6028(01)01587-4

Chandrasekaran, N., Dimartino, S., and Fee, C. J. (2013). Chemical engineering

research and design study of the adsorption of proteins on stainless

steel surfaces using QCM-D. Chem. Eng. Res. Des. 91, 1674–1683.

doi: 10.1016/j.cherd.2013.07.017

Chen, S., Li, L., Zhao, C., and Zheng, J. (2010). Surface hydration: principles

and applications toward low-fouling/nonfouling biomaterials. Polymer 51,

5283–5293. doi: 10.1016/j.polymer.2010.08.022

Cheng, G., Li, G., Xue, H., Chen, S., Bryers, J. D., and Jiang, S. (2009). Zwitterionic

carboxybetaine polymer surfaces and their resistance to long-term biofilm

formation. Biomaterials 30, 5234–5240. doi: 10.1016/j.biomaterials.2009.05.058

Curry, S., Mandelkow, H., Brick, P., and Franks, N. (1998). Crystal structure

of human serum albumin complexed with fatty acid reveals an asymmetric

distribution of binding sites. Nat. Struct. Biol. 5, 827–835. doi: 10.1038/1869

Dohnt, K., Sauer, M., Müller, M., Atallah, K., Weidemann, M., Gronemeyer, P.,

et al. (2011). An in vitro urinary tract catheter system to investigate bio fi

lm development in catheter-associated urinary tract infections. J. Microbiol.

Methods 87, 302–308. doi: 10.1016/j.mimet.2011.09.002

Dong, D., Li, J., Cui, M., Wang, J., Zhou, Y., Luo, L., et al. (2016). In situ “clickable”

zwitterionic starch-based hydrogel for 3d cell encapsulation. ACS Appl. Mater.

Interfaces 8, 4442–4455. doi: 10.1021/acsami.5b12141

Dutot, M., Paillet, H., Chaumeil, C., Warnet, J. -M., and Rat, P. (2009). Severe

ocular infections with contact lens: role of multipurpose solutions. Eye 23,

470–476. doi: 10.1038/eye.2008.131

Edvardsson, M. (2009). Q-Sense E4 Operator Manual. Sweden: Q-Sense.

Fabrizius-Homan, D. J., and Cooper, S. L. (1991). Competitive adsorption

of vitronectin with albumin, fibrinogen, and fibronectin on polymeric

biomaterials. J. Biomed. Mater. Res. 25, 953–971. doi: 10.1002/jbm.

820250804

Faria, M., Björnmalm, M., Thurecht, K. J., Kent, S. J., Parton, R. G., Kavallaris, M.,

et al. (2018). Minimum information reporting in bio-nano experimental

literature. Nat. Nanotechnol. 13, 777–785. doi: 10.1038/s41565-018-

0246-4

Faulón Marruecos, D., Saleh, L. S., Kim, H. H., Bryant, S. J., Schwartz, D. K.,

and Kaar, J. L. (2019). Stabilization of fibronectin by random copolymer

brushes inhibits macrophage activation. ACS Appl. Bio Mater. 2, 4698–4702.

doi: 10.1021/acsabm.9b00815

Felgueiras, H. P., Antunes, J. C., Martins, M. C. L., and Barbosa,

M. A. (2018). Fundamentals of protein and cell interactions in

biomaterials. Pept. Proteins Biomater. Tissue Regen. Repair 88, 956–970.

doi: 10.1016/B978-0-08-100803-4.00001-2

Feng, T., Ji, W., Tang, Q., Wei, H., Zhang, S., Mao, J., et al. (2019). Low-

fouling nanoporous conductive polymer-coated microelectrode for in vivo

monitoring of dopamine in the rat brain. Anal. Chem. 91, 10786–10791.

doi: 10.1021/acs.analchem.9b02386

Fernandez-yague, M. A., Abbah, S. A., Mcnamara, L., Zeugolis, D. I., Pandit,

A., Biggs, M. J. (2015). Biomimetic approaches in bone tissue engineering :

integrating biological and physicomechanical strategies. Adv. Drug Deliv. Rev.

84, 1–29. doi: 10.1016/j.addr.2014.09.005

Flemming, H., Wingender, J., Szewzyk, U., Steinberg, P., Rice, S. A., and Kjelleberg,

S. (2016). Biofilms : an emergent form of bacterial life. Nat. Publ. Gr. 14,

563–575. doi: 10.1038/nrmicro.2016.94

Frontiers in Chemistry | www.frontiersin.org 12 December 2020 | Volume 8 | Article 604236

https://doi.org/10.1016/j.smim.2007.11.004
https://doi.org/10.1163/016942409X12598231568186
https://doi.org/10.1038/s41579-018-0019-y
https://doi.org/10.1080/1040841X.2016.1208146
https://doi.org/10.1016/j.bej.2016.11.013
https://doi.org/10.1128/AEM.69.10.6280-6287.2003
https://doi.org/10.1016/j.idc.2017.05.007
https://doi.org/10.1038/sj.mn.7800186
https://doi.org/10.1039/c2cs35170f
https://doi.org/10.1159/000028659
https://doi.org/10.1038/s41522-018-0062-5
https://doi.org/10.1016/j.actbio.2019.06.022
https://doi.org/10.1016/j.biomaterials.2012.02.034
https://doi.org/10.1126/scitranslmed.3004528
https://doi.org/10.1016/j.biomaterials.2013.07.089
https://doi.org/10.1016/j.jvs.2014.12.050
https://doi.org/10.1016/S0039-6028(01)01587-4
https://doi.org/10.1016/j.cherd.2013.07.017
https://doi.org/10.1016/j.polymer.2010.08.022
https://doi.org/10.1016/j.biomaterials.2009.05.058
https://doi.org/10.1038/1869
https://doi.org/10.1016/j.mimet.2011.09.002
https://doi.org/10.1021/acsami.5b12141
https://doi.org/10.1038/eye.2008.131
https://doi.org/10.1002/jbm.820250804
https://doi.org/10.1038/s41565-018-0246-4
https://doi.org/10.1021/acsabm.9b00815
https://doi.org/10.1016/B978-0-08-100803-4.00001-2
https://doi.org/10.1021/acs.analchem.9b02386
https://doi.org/10.1016/j.addr.2014.09.005
https://doi.org/10.1038/nrmicro.2016.94
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Jesmer and Wylie Improving Biomaterial Fouling Characterization

Foggia, M. J., Quevedo, R. V., and Hansen, M. R. (2019). Intracochlear fibrosis

and the foreign body response to cochlear implant biomaterials. Laryngoscope

Investig. Otolaryngol. 4, 678–683. doi: 10.1002/lio2.329

Foster, R. N., Harrison, E. T., Castner, D. G. (2016). ToF-SIMS and

XPS characterization of protein films adsorbed onto bare and sodium

styrenesulfonate-grafted gold substrates. Langmuir 32 (13), 3207–3216.

doi: 10.1021/acs.langmuir.5b04743

Francolini, I., Vuotto, C., Piozzi, A., Donelli, G. (2017). antifouling

and antimicrobial biomaterials: an overview. APMIS 125, 392–417.

doi: 10.1111/apm.12675

Franz, S., Rammelt, S., Scharnweber, D., and Simon, J. C. (2011). Biomaterials

immune responses to implants - a review of the implications for the

design of immunomodulatory biomaterials. Biomaterials 32, 6692–6709.

doi: 10.1016/j.biomaterials.2011.05.078

González-garcía, C., Cantini, M., Ballester-beltrán, J., Altankov, G., and

Salmerón-sánchez, M. (2018). Acta biomaterialia the strength of the

protein-material interaction determines cell fate. Acta Biomater. 77, 74–84.

doi: 10.1016/j.actbio.2018.07.016

Goor, O. J. G. M., Brouns, J. E. P., and Dankers, P. Y. W. (2017). Introduction

of anti-fouling coatings at the surface of supramolecular elastomeric materials:

via post-modification of reactive supramolecular additives. Polym. Chem. 8,

5228–5238. doi: 10.1039/C7PY00801E

Gorbet, M. B., and Sefton, M. V. (2004). Biomaterial-associated thrombosis: roles

of coagulation factors, complement, platelets and leukocytes. Biomaterials 25,

5681–5703.. doi: 10.1016/j.biomaterials.2004.01.023

Graham, M., and Cady, N. (2014). Nano and microscale topographies

for the prevention of bacterial surface fouling. Coatings 4, 37–59.

doi: 10.3390/coatings4010037

Gunkel, G., and Huck, W. T. S. (2013). S. cooperative adsorption of lipoprotein

phospholipids, triglycerides, and cholesteryl esters are a key factor in nonspeci

fi c adsorption from blood plasma to antifouling polymer surfaces. J. Am. Chem.

Soc. 135, 7047–7052. doi: 10.1021/ja402126t

Haddadin, Y., Annamaraju, P., and Regunath, H. (2020). Central Line Associated

Blood Stream Infections (CLABSI). StatPearls, 1–6.

Harris, C. A., Resau, J. H., Hudson, E. A., West, R. A., Moon, C., Black, A. D.,

et al. (2011). Reduction of protein adsorption and macrophage and astrocyte

adhesion on ventricular catheters by polyethylene glycol and. J. Biomed. Mater.

Res. Part A 98, 425–433. doi: 10.1002/jbm.a.33130

Hedayati, M., Marruecos, D. F., Krapf, D., Kaar, J. L., and Kipper, M. J.

(2020). Protein adsorption measurements on low fouling and ultralow

fouling surfaces: a critical comparison of surface characterization

techniques. Acta Biomater. 102, 169–180. doi: 10.1016/j.actbio.2019.

11.019

Heger, J. I., Froehlich, K., Pastuschek, J., Schmidt, A., Baer, C., Mrowka, R.,

et al. (2018). Human serum alters cell culture behavior and improves spheroid

formation in comparison to fetal bovine serum. Exp. Cell Res. 365, 57–65.

doi: 10.1016/j.yexcr.2018.02.017

Heggestad, J. T., Fontes, C. M., Joh, D. Y., Hucknall, A. M., and Chilkoti, A. (2019).

In pursuit of zero 2.0, recent developments in nonfouling polymer brushes for

immunoassays. Adv. Mater. 32:1903285. doi: 10.1002/adma.201903285

Holmberg, M., Stibius, K. B., Ndoni, S., Larsen, N. B., Kingshott, P., Hou, X. L.,

et al. (2007). Protein aggregation and degradation during iodine labeling and

its consequences for protein adsorption to biomaterials. Anal. Biochem. 361,

120–125. doi: 10.1016/j.ab.2006.11.016

Hook, A. L., Anderson, D. G., Langer, R., Williams, P., Davies, M. C.,

and Alexander, M. R. (2010). High throughput methods applied in

biomaterial development and discovery. Biomaterials 31, 187–198..

doi: 10.1016/j.biomaterials.2009.09.037

Hook, A. L., Chang, C. Y., Yang, J., Luckett, J., Cockayne, A., Atkinson, S., et al.

(2012). Combinatorial discovery of polymers resistant to bacterial attachment.

Nat. Biotechnol. 30, 868–875. doi: 10.1038/nbt.2316

Hook, F., Kasemo, B., Nylander, T., Fant, C., Sott, K., and Elwing, H. (2001).

Variations in coupled water, viscoelastic properties, and film thickness of a

mefp-1 protein film during adsorption and cross-linking: a quartz crystal

microbalance with dissipation monitoring, ellipsometry, and surface plasmon

resonnance study. Anal. Chem. 73, 5796–5804. doi: 10.1021/ac0106501

Horbett, T. A. (2018). Fibrinogen adsorption to biomaterials. J. Mater. Res. Part A

106, 2777–2788. doi: 10.1002/jbm.a.36460

Hou, W., Liu, Y., Zhang, B., He, X., and Li, H. G. (2018). Adsorption-associated

orientational changes of immunoglobulin and regulated phagocytosis of

staphylococcus epidermidis. J. Biomed. Mater. Res. Part A 106A, 2838–2849.

doi: 10.1002/jbm.a.36472

Huyer, L. D., Pascual-gil, S., Wang, Y., Mandla, S., Yee, B., and Radisic, M. (2020).

Advanced strategies for modulation of the material – macrophage interface.

Adv. Funct. 1909331, 1–21. doi: 10.1002/adfm.201909331

Jansen, L. E., Amer, L. D., Chen, E. Y. T., Nguyen, T. V., Saleh, L. S., Emrick,

T., et al. (2018). Zwitterionic PEG-PC hydrogels modulate the foreign body

response in a modulus-dependent manner. Biomacromolecules 19, 2880–2888.

doi: 10.1021/acs.biomac.8b00444

Jesmer, A. H., Huynh, V., and Wylie, R. G. (2020). Fabrication of low-fouling,

high-loading polymeric surfaces through PH-controlled RAFT. RSC Adv. 10,

20302–20312. doi: 10.1039/D0RA02693J

Ju, H., McCloskey, B. D., Sagle, A. C., Kusuma, V. A., Freeman, B. D.

(2009). Preparation, and Characterization of crosslinked poly(ethylene glycol)

diacrylate hydrogels as fouling-resistant membrane coating materials. J. Memb.

Sci. 330, 180–188. doi: 10.1016/j.memsci.2008.12.054

Kachalova, G. S., Vlaskina, A. V., Popov, A. P., Simanovskaia, A. A., Krukova,

M. V., and Lipkin, A. V. (2017). Structure of Lysozyme labeled with

Fluorescein isothiocyanate (fitc) at 1.15 Angstroms Resolution. PDB ID 5IEL 1–5.

doi: 10.2210/pdb5iel/pdb

Kasputis, T., Pieper, A., Rodenhausen, K. B., Schmidt, D., Sekora, D., Rice, C., et al.

(2015). Use of Precisely Sculptured Thin Film (STF) substrates with generalized

ellipsometry to determine spatial distribution of adsorbed fibronectin to

nanostructured columnar topographies and effect on cell adhesion. Acta

Biomater. 18, 88–99. doi: 10.1016/j.actbio.2015.02.016

Kushiro, K., Lee, C., and Takai,M. (2016). Simultaneous characterization of protein

- material and cell – protein interactions using dynamic QCM-D analysis on

SAM surfaces. Biomater. Sci. 4, 989–997. doi: 10.1039/C5BM00613A

Lall, R. R., Wong, A. P., Lall, R. R., Lawton, C. D., Smith, Z. A., and Dahdaleh,

N. S. (2015). Evidence-based management of deep wound infection after spinal

instrumentation. J. Clin. Neurosci. 22, 238–242. doi: 10.1016/j.jocn.2014.07.010

Lebeaux, D., Fernández-hidalgo, N., Chauhan, A., Lee, S., Ghigo, J., Almirante, B.,

et al. (2014). Management of infections related to totally implantable venous-

access ports : challenges and perspectives. Lancet Infect. Dis. 14, 146–159.

doi: 10.1016/S1473-3099(13)70266-4

Li, B., Jain, P., Ma, J., Smith, J. K., Yuan, Z., Hung, H. C., et al.

(2019). Trimethylamine N-oxide–derived zwitterionic polymers: a new

class of ultralow fouling bioinspired materials. Sci. Adv. 5:eaaw9562.

doi: 10.1126/sciadv.aaw9562

Li, B., and Webster, T. J. (2017). Bacteria antibiotic resistance : new challenges and

opportunities for implant-associated orthopedic infections. J. Orthop. Res. 36,

22–32. doi: 10.1002/jor.23656

Li, J., Liu, W., Kilian, D., Zhang, X., Gelinsky, M., and Chu, P. K. (2019).

Bioinspired interface design modulates pathogen and immunocyte responses

in biomaterial-centered infection combination therapy. Mater. Horizons 6,

1271–1282. doi: 10.1039/C8MH01606B

Liu, Q., Singha, P., Handa, H., and Locklin, J. (2017). Covalent grafting

of antifouling phosphorylcholine-based copolymers with antimicrobial

nitric oxide releasing polymers to enhance infection-resistant

properties of medical device coatings. Langmuir 33, 13105–13113.

doi: 10.1021/acs.langmuir.7b02970

Luan, Y., Li, D., Wei, T., Wang, M., Tang, Z., Brash, J. L., et al.

(2017). “Hearing Loss” in QCM measurement of protein adsorption to

protein resistant polymer brush layers. Anal. Chem. No. 89, 4184–4191.

doi: 10.1021/acs.analchem.7b00198

Luu, T. U., Gott, S. C., Woo, B. W. K., Rao, M. P., and Liu, W. F. (2015).

Micro- and nanopatterned topographical cues for regulating macrophage

cell shape and phenotype. ACS Appl. Mater. Interfaces 7, 28665–28672.

doi: 10.1021/acsami.5b10589

Ma, Y., Bian, X., He, L., Cai, M., Xie, X., and Luo, X. (2015). Immobilization

of poly(Acrylamide) brushes onto poly(Caprolactone) surface by combining

atrp and “click” chemistry: synthesis, characterization and evaluation of protein

adhesion. Appl. Surf. Sci. 329, 223–233. doi: 10.1016/j.apsusc.2014.12.149

Madiona, R.M. T.,Welch, N. G., Scoble, J. A., Muir, B.W., and Pigram, P. J. (2017).

Determining the limit of detection of surface bound antibody. Biointerphases

12:031007. doi: 10.1116/1.4986377

Frontiers in Chemistry | www.frontiersin.org 13 December 2020 | Volume 8 | Article 604236

https://doi.org/10.1002/lio2.329
https://doi.org/10.1021/acs.langmuir.5b04743
https://doi.org/10.1111/apm.12675
https://doi.org/10.1016/j.biomaterials.2011.05.078
https://doi.org/10.1016/j.actbio.2018.07.016
https://doi.org/10.1039/C7PY00801E
https://doi.org/10.1016/j.biomaterials.2004.01.023
https://doi.org/10.3390/coatings4010037
https://doi.org/10.1021/ja402126t
https://doi.org/10.1002/jbm.a.33130
https://doi.org/10.1016/j.actbio.2019.11.019
https://doi.org/10.1016/j.yexcr.2018.02.017
https://doi.org/10.1002/adma.201903285
https://doi.org/10.1016/j.ab.2006.11.016
https://doi.org/10.1016/j.biomaterials.2009.09.037
https://doi.org/10.1038/nbt.2316
https://doi.org/10.1021/ac0106501
https://doi.org/10.1002/jbm.a.36460
https://doi.org/10.1002/jbm.a.36472
https://doi.org/10.1002/adfm.201909331
https://doi.org/10.1021/acs.biomac.8b00444
https://doi.org/10.1039/D0RA02693J
https://doi.org/10.1016/j.memsci.2008.12.054
https://doi.org/10.2210/pdb5iel/pdb
https://doi.org/10.1016/j.actbio.2015.02.016
https://doi.org/10.1039/C5BM00613A
https://doi.org/10.1016/j.jocn.2014.07.010
https://doi.org/10.1016/S1473-3099(13)70266-4
https://doi.org/10.1126/sciadv.aaw9562
https://doi.org/10.1002/jor.23656
https://doi.org/10.1039/C8MH01606B
https://doi.org/10.1021/acs.langmuir.7b02970
https://doi.org/10.1021/acs.analchem.7b00198
https://doi.org/10.1021/acsami.5b10589
https://doi.org/10.1016/j.apsusc.2014.12.149
https://doi.org/10.1116/1.4986377
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Jesmer and Wylie Improving Biomaterial Fouling Characterization

Maes, K., Smolders, I., Michotte, Y., and Van Eeckhaut, A. (2014). Strategies to

reduce aspecific adsorption of peptides and proteins in liquid chromatography

– mass spectrometry based bioanalyses: an overview. J. Chromatogr. A 1358,

1–13. doi: 10.1016/j.chroma.2014.06.072

Magennis, E. P., Hook, A. L., Davies, M. C., Alexander, C., Williams, P., and

Alexander, M. R. (2016). Engineering serendipity: high-throughput discovery

of materials that resist bacterial attachment. Acta Biomater. 34, 84–92.

doi: 10.1016/j.actbio.2015.11.008

Marruecos, D. F., Kastantin, M., Schwartz, D. K., and Kaar, J. L. (2016).

Dense poly(ethylene glycol) brushes reduce adsorption and stabilize the

unfolded conformation of fibronectin. Biomacromolecules 17, 1017–1025.

doi: 10.1021/acs.biomac.5b01657

Medalsy, I., Hensen, U., Muller, D. J. (2011). Imaging and quantifying

chemical, and physical properties of native proteins at molecular resolution

by force – Volume AFM. Angew. Chem Int. Ed. 50, 12103–12108.

doi: 10.1002/anie.201103991

Menzies, D. J., Jasieniak, M., Griesser, H. J., Forsythe, J. S., Johnson, G., Mcfarland,

G. et al. (2012). ToF-SIMS and XPS study of protein adsorption and cell

attachment across, PEG-like plasma polymer films with lateral compositional

gradients. Surf. Sci. 606, 1798–1807. doi: 10.1016/j.susc.2012.07.017

Miller, C. J., and Davidson, L. A. (2013). The interplay between cell signalling

and mechanics in developmental processes. Nat. Rev. Genet. 14, 733–744.

doi: 10.1038/nrg3513

Murray, P. J., Allen, J. E., Biswas, S. K., Fisher, E. A., Gilroy, D. W.,

Goerdt, S., et al. (2015). Macrophage activation and polarization:

nomenclature and experimental guidelines. Immunity 41, 14–20.

doi: 10.1016/j.immuni.2014.06.008

Ngo, B. K. D., and Grunlan, M. A. (2017). Protein resistant polymeric biomaterials.

ACS Macro Lett. 6, 992–1000. doi: 10.1021/acsmacrolett.7b00448

Nguyen, A. T., Sathe, S. R., and Yim, E. K. (2016). From nano to micro

: topographical scale and its impact on cell adhesion, morphology

and contact guidance. J. Phys. Condens. Matter No. 28, 1–16.

doi: 10.1088/0953-8984/28/18/183001

Norde, W. (1996). Driving forces for protein adsorption at solid surfaces.

Macromol. Symp. 103, 5–18. doi: 10.1002/masy.19961030104

Ntziachristos, V. (2010). Going deeper than microscopy: the optical imaging

frontier in biology. Nat. Publ. Gr. 7, 603–614. doi: 10.1038/nmeth.1483

Oliveira, W. F., Silva, P. M. S., Silva, R. C. S., Silva, G. M. M., Machado,

G., Coelho, L. C. et al. (2018). Staphylococcus aureus and staphylococcus

epidermidis infections on implants. J. Hosp. Infect. 98, 111–117.

doi: 10.1016/j.jhin.2017.11.008

Othman, Z., Cillero, B., van Rijt, S., and Habibovic, S. P. (2018). Understanding

Interactions between biomaterials and biological systems using proteomics.

Biomaterials 167, 191–204. doi: 10.1016/j.biomaterials.2018.03.020

Parisi, L., Toffoli, A., Ghezzi, B., Mozzoni, B., Lumetti, S., and Macaluso,

G. M. (2020). A Glance on the role of fibronectin in controlling

cell response at biomaterial interface. Jpn. Dent. Sci. Rev. 56, 50–55.

doi: 10.1016/j.jdsr.2019.11.002

Pei, J., Hall, H., and Spencer, N. D. (2011). The role of plasma proteins

in cell adhesion to PEG surface-density-gradient- modified titanium oxide.

Biomaterials 32, 8968–8978. doi: 10.1016/j.biomaterials.2011.08.034

Pereira, A. de los S., Rodriguez-Emmenegger, C., Surman, F., Riedel, T., Alles,

A. et al. (2014). Use of pooled blood plasmas in the assessment of fouling

resistance. RSC Adv. 4, 2318–2321. doi: 10.1039/C3RA43093F

Pierce Biotechnology (2017). Instrution: Micro BCA Protein Assay Kit. Rockford,

IL: Thermo Sci, 1–6.

Pinho, A. C., and Piedade, A. P. (2013). Zeta potential, contact angles, and AFM

imaging of protein conformation adsorbed on hybrid nanocomposite surfaces.

ACS Appl. Mater. 5, 8187–8194. doi: 10.1021/am402302r

PyMol (2015) The PyMol Molecular Graphics System Version 2. 3.4.

Schrodinger, LLC.

Rahmati, M., Silva, E. A., Reseland, J. E., Heyward, C. A., and Haugen, H.

J. (2020). Biological responses to physicochemical properties of biomaterial

surface. Chem. Soc. Rev. 49, 5178–5224. doi: 10.1039/D0CS00103A

Rao, W., Celiz, A. D., Scurr, D. J., Alexander, M. R., and Barrett, D. A. (2013).

Ambient DESI and LESA-MS analysis of proteins adsorbed to a biometerial

surface using in-situ surface tryptic Digestion. J. Am. Soc. Mass Spectrom. 24,

1927–1936. doi: 10.1007/s13361-013-0737-3

Ratner, B. D. (2019). Biomaterials: been there, done that, and

evolving into the future. Annu. Rev. Biomed. Eng. 21, 171–191.

doi: 10.1146/annurev-bioeng-062117-120940

Rennert, R. C., Rustad, K., Levi, K., Harwood, M., Sorkin, M., Wong, V. W.,

et al. (2014). Histological and mechanical analysis of the cardiac lead –tissue

interface: implications for lead extraction. Acta Biomater. 10, 2200–2208.

doi: 10.1016/j.actbio.2014.01.008

Richter, R. P., and Brisson, A. R. (2005). Following the formation of supported lipid

bilayers on mica: a study combining, AFM, QCM-D, and ellipsometry. Biophys.

J. 88, 3422–3433. doi: 10.1529/biophysj.104.053728

Riedel, T., Majek, P., Riedelova-Reicheltola, Z., Vorobii, M., Houska, M., and

Rodriguez-Emmenegger, C. (2016). Total removal of intact blood plasma

proteins deposited on surface-grafted polymer brushes. Anal. Methods No. 8,

6415–6419. doi: 10.1039/C6AY01833E

Riedel, T., Riedelova-Reicheltova, Z., Majek, P., Rodriguez-emmenegger, C.,

Houska, M., Dyr, J. E., et al. (2013). complete identification of proteins

responsible for human blood plasma fouling on poly(ethylene glycol)-based

surfaces. Langmuir 29, 3388–3397. doi: 10.1021/la304886r

Roach, P., Farrar, D., and Perry, C. C. (2005). Interpretation of protein adsorption

: surface-induced conformational changes. J. Am. Chem. Soc. No. 127,

8168–8173. doi: 10.1021/ja042898o

Romanowska, J., Kokh, D. B., and Wade, R. C. (2015). when the label matters:

adsorption of labeled and unlabeled proteins on charged surfaces. Nano Lett.

15, 7508–7513. doi: 10.1021/acs.nanolett.5b03168

Rostam, H. M., Fisher, L. E., Hook, A. L., Burroughs, L., Luckett, J. C., Figueredo,

G. P., et al. (2020). Immune-instructive polymers control macrophage

phenotype and modulate the foreign body response in vivo. Matter 2, 1–18.

doi: 10.1016/j.matt.2020.03.018

Saint, S., Greene, T., Krein, S., Rogers, M., Ratz, D., Fowler, K., et al. (2016). A

program to prevent catheter-associated urinary tract infection in acute care. N.

Engl. J. Med. 374, 2111–2119. doi: 10.1056/NEJMoa1504906

Saleem, B. R., Meerwaldt, R., Tielliu, I. F. J., Verhoeven, E. L. G., van den Dungen,

J. J. A. M., and Zeebregts, C. J. (2010). Conservative treatment of vascular

prosthetic graft infection is associated with high mortality. Am. J. Surg. 200,

47–52. doi: 10.1016/j.amjsurg.2009.05.018

Santoro, F., Zhao, W., Joubert, L., Duan, L., Schnitker, J., van de Burgt, Y., et al.

(2017). Revealing the cell – material interface with nanometer resolution by

focused ion beam/ scanning electron microscopy. ACS Nano 11, 8320–8328.

doi: 10.1021/acsnano.7b03494

Seo, J., Sakai, K., and Yui, N. (2013). Adsorption state of fibronectin on poly

(dimethylsiloxane) surfaces with varied stiffness can dominate adhesion density

of fibroblasts. Acta Biomater. 9, 5493–5501. doi: 10.1016/j.actbio.2012.10.015

Sharifi, F., Htwe, S. S., Righi, M., Liu, H., Pietralunga, A., Yesil-celiktas, O., et al.

(2019). A foreign body response-on-a-chip platform. Adv. Healthc. Mater.

8:1801425. doi: 10.1002/adhm.201801425

Shen,M., Pan, Y. V.,Wagner,M. S., Hauch, K. D., Castner, D. G., Ratner, B. D., et al.

(2001). Inhibition of Monocyte Adhesion and Fibrinogen Adsorption on Glow

Discharge Plasma Deposited Tetraethylene Glycol Dimethyl Ether. J. Biomater.

Sci. Polym. Ed. 12, 961–978. doi: 10.1163/156856201753252507

Sjollema, J., Zaat, S. A. J., Fontaine, V., Ramstedt, M., Luginbuehl, R., Thevissen,

K., et al. (2018). In vitro methods for the evaluation of antimicrobial

surface designs. Acta Biomater. 70, 12–24. doi: 10.1016/j.actbio.2018.

02.001

Stewart, P. S. (2015). Antimicrobial tolerance in biofilms. Microb. Biofilms 3,

269–285. doi: 10.1128/microbiolspec.MB-0010-2014.Antimicrobial

Su, T. J., Lu, J. R., Cui, Z. F., and Thomas, R. K. (2000). Fouling

of ceramic membranes by albumins under dynamic filtration

conditions. J. Memb. Sci. 173, 167–178. doi: 10.1016/S0376-7388(00)

00370-7

Sugahara, M., Nakane, T., Masuda, T., Suzuki, M., Inoue, S., Song, C., et al. (2017).

Hydroxyethyl cellulose matrix applied to serial crystallography. Sci. Rep. 7:703.

doi: 10.1038/s41598-017-00761-0

Sundaram, H. S., Cho, Y., Dimitriou, M. D., Weinman, C. J., Finlay, J. A., Cone,

G., et al. (2011). Fluorine-free mixed amphiphilic polymers based on pdms

and peg side chains for fouling release applications. Biofouling 27, 589–602.

doi: 10.1080/08927014.2011.587662

Swartzlander, M. D., Barnes, C. A., Blakney, A. K., Kaar, J. L., Kyriakides, T. R., and

Bryant, S. J. (2015). Biomaterials linking the foreign body response and protein

Frontiers in Chemistry | www.frontiersin.org 14 December 2020 | Volume 8 | Article 604236

https://doi.org/10.1016/j.chroma.2014.06.072
https://doi.org/10.1016/j.actbio.2015.11.008
https://doi.org/10.1021/acs.biomac.5b01657
https://doi.org/10.1002/anie.201103991
https://doi.org/10.1016/j.susc.2012.07.017
https://doi.org/10.1038/nrg3513
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1021/acsmacrolett.7b00448
https://doi.org/10.1088/0953-8984/28/18/183001
https://doi.org/10.1002/masy.19961030104
https://doi.org/10.1038/nmeth.1483
https://doi.org/10.1016/j.jhin.2017.11.008
https://doi.org/10.1016/j.biomaterials.2018.03.020
https://doi.org/10.1016/j.jdsr.2019.11.002
https://doi.org/10.1016/j.biomaterials.2011.08.034
https://doi.org/10.1039/C3RA43093F
https://doi.org/10.1021/am402302r
https://doi.org/10.1039/D0CS00103A
https://doi.org/10.1007/s13361-013-0737-3
https://doi.org/10.1146/annurev-bioeng-062117-120940
https://doi.org/10.1016/j.actbio.2014.01.008
https://doi.org/10.1529/biophysj.104.053728
https://doi.org/10.1039/C6AY01833E
https://doi.org/10.1021/la304886r
https://doi.org/10.1021/ja042898o
https://doi.org/10.1021/acs.nanolett.5b03168
https://doi.org/10.1016/j.matt.2020.03.018
https://doi.org/10.1056/NEJMoa1504906
https://doi.org/10.1016/j.amjsurg.2009.05.018
https://doi.org/10.1021/acsnano.7b03494
https://doi.org/10.1016/j.actbio.2012.10.015
https://doi.org/10.1002/adhm.201801425
https://doi.org/10.1163/156856201753252507
https://doi.org/10.1016/j.actbio.2018.02.001
https://doi.org/10.1128/microbiolspec.MB-0010-2014.Antimicrobial
https://doi.org/10.1016/S0376-7388(00)00370-7
https://doi.org/10.1038/s41598-017-00761-0
https://doi.org/10.1080/08927014.2011.587662
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Jesmer and Wylie Improving Biomaterial Fouling Characterization

adsorption to peg-based hydrogels using proteomics. Biomaterials 41, 26–36.

doi: 10.1016/j.biomaterials.2014.11.026

Taylor, M., Urquhart, A. J., Anderson, D. G., Williams, P. M., Langer, R.,

Alexander, M. R., et al. (2008). A methodology for investigating protein

adhesion and adsorption to microarrayed combinatorial polymers. Macromol.

Rapid Commun. 29, 1298–1302. doi: 10.1002/marc.200800171

Tonda-turo, C., Carmagnola, I., and Ciardelli, G. (2018). Quartz crystal

microbalance with dissipation monitoring: a powerful method to predict the

in vivo behavior of bioengineered surfaces. Front. Bioeng. Biotechnol. 6:158.

doi: 10.3389/fbioe.2018.00158

Trindade, R., Albrektsson, T., Tengvall, P., and Wennerberg, A. (2014).

Foreign body reaction to biomaterials : on mechanisms for buildup and

breakdown of osseointegration. Clin. Implant Dent. Relat. Res. 18, 192–203.

doi: 10.1111/cid.12274

Tziampazis, E., Kohn, J., and Moghe, P. V. (2000). PEG-variant

biomaterials as selectively adhesive protein templates: model surfaces

for controlled cell adhesion and migration. Biomaterials 21, 511–520.

doi: 10.1016/S0142-9612(99)00212-4

van de Lagemaat, M., Grotenhuis, A., van de Belt-Gritter, B., Roest, S.,

Loontjens, T. J. A., Busscher, H. J., et al. (2017). Comparison of methods

to evaluate bacterial contact-killing materials. Acta Biomater. 59, 139–147.

doi: 10.1016/j.actbio.2017.06.042

Veiseh, O., and Vegas, A. J. (2019). Domesticating the foreign body response:

recent advances and applications. Adv. Drug Deliv. Rev. 144, 148–161.

doi: 10.1016/j.addr.2019.08.010

Vinchon, M., and Dhellemmes, P. (2006). Cerebrospinal fluid shunt infection:

risk factors and long-term follow-up. Child’s Nerv. Syst. 22, 692–697.

doi: 10.1007/s00381-005-0037-8

Visalakshan, R.M.,Macgregor,M. N., Sasidharan, S., Ghazaryan, A., Landfester, K.,

Mierczynska-vasilev, A. M., et al. (2019). Biomaterial surface hydrophobicity-

mediated serum protein adsorption and immune responses. ACS Appl. Mater.

Interfaces 11, 27615–27623. doi: 10.1021/acsami.9b09900

Vishwakarma, A., Bhise, N. S., Evangelista, M. B., Rouwkema, J., Dokmeci, M.

R., Ghaemmaghami, A. M., et al. (2016). Engineering immunomodulatory

biomaterials to tune the inflammatory response. Trends Biotechnol. 34,

470–482. doi: 10.1016/j.tibtech.2016.03.009

Visova, I., Vrabcova, M., Forinova, M., Zhigunova, Y., Mironov, V., Houska, M.,

et al. (2020). Surface preconditioning influences the antifouling capabilities

of zwitterionic and nonionic polymer brushes. Langmuir 36, 8485–8493.

doi: 10.1021/acs.langmuir.0c00996

Vroman, L., Adams, A. L., Fischer, G. C., and Munoz, P. C. (1980). Interaction

of high molecular weight kininogen, factor XIII, and fibrinogen in plasma at

interfaces. Blood 55, 156–159. doi: 10.1182/blood.V55.1.156

Vu, V. P., Gifford, G. B., Chen, F., Benasutti, H., Wang, G., Groman,

V., et al. (2019). Corona determines complement opsonization efficiency

of preclinical and clinical nanoparticles. Nat. Nanotechnol. 14, 260–268.

doi: 10.1038/s41565-018-0344-3

Wagner, M. S., Mcarthur, S. L., Shen, M., Horbett, T. A., Castner, D. G., Wagner,

M. S., et al. (2002). Limits of detection for time of flight secondary ion mass

spectrometry (tof-sims) and x-ray photoelectron spectroscopy (XPS): detection

of low amounts of adsorbed protein. J. Biomater. Sci. Polym. Ed. 13, 407–428.

doi: 10.1163/156856202320253938

Wagner, S., Sommer, R., Hinsberger, S., Lu, C., Hartmann, R. W.,

Empting, M., et al. (2016). Novel strategies for the treatment of

pseudomonas aeruginosa infections. J. Med. Chem. No. 59, 5929–5969.

doi: 10.1021/acs.jmedchem.5b01698

Walker, J. M. (1996). The Protein Protocols Handbook, 2nd Edn, Totowa, NJ:

Humana Press. doi: 10.1007/978-1-60327-259-9

Wang, H., Christiansen, D. E., Mehraeen, S., and Cheng, G. (2020). Winning

the fight against biofilms: the first six-month study showing no biofilm

formation on zwitterionic polyurethanes. Chem. Sci. 11, 4709–4721.

doi: 10.1039/C9SC06155J

Weaver, W. M., Milisavljevic, V., Miller, J. F., and Di Carlo, D. (2012). Fluid

flow induces biofilm formation in staphylococcus epidermidis polysaccharide

intracellular adhesin-positive clinical isolates. Appl. Environ. Microbiol. 78,

5890–5896. doi: 10.1128/AEM.01139-12

Weber, M., Steinle, H., Golombek, S., Hann, L., Schlensak, C., Wendel,

H. P., et al. (2018). Blood-contacting biomaterials : in vitro

evaluation of the hemocompatibility. Front. Bioeng. Biotechnol. 6:99.

doi: 10.3389/fbioe.2018.00099

Wei, Q., Becherer, T., Angioletti-uberti, S., Dzubiella, J., Wischke, C., Neffe, A.

T., et al. (2014). Protein interactions with polymer coatings and biomaterials.

Angew. Chemie Int. Ed. 53, 8004–8031. doi: 10.1002/anie.201400546

Welch, N. G., Scoble, J. A., Muir, B. W., and Pigram P. J. (2017). Orientation,

and characterization of immobilized antibodies for improved immunoassays

(review). Biointerphases 12:02D301-1. doi: 10.1116/1.4978435

Welch, N. G., Winkler, D. A., and Thissen, H. (2020). Antifibrotic strategies for

medical devices. Adv. Drug Deliv. Rev. doi: 10.1016/j.addr.2020.06.008

Wilson, C. J., Clegg, R. E., Leavesley, D. I., and Pearcy, M. J. (2005). Mediation of

biomaterial – cell interactions by adsorbed proteins: a review. Tissue Eng. 11,

1–18. doi: 10.1089/ten.2005.11.1

Witherel, C. E., Abebayehu, D., Barker, T. H., Spiller, K. L. (2019). Macrophage and

fibroblast interactions in biomaterial- mediated fibrosis. Adv. Healthc. Mater.

1801451, 1–16. doi: 10.1002/adhm.201801451

Wu, Y., Zitelli, J. P., Tenhuisen, K. S., Yu, X., and Libera, M. R. (2011).

Biomaterials differential response of staphylococci and osteoblasts

to varying titanium surface roughness. Biomaterials 32, 951–960.

doi: 10.1016/j.biomaterials.2010.10.001

Xie, X., Doloff, J. C., Yesilyurt, V., Sadraei, A., Mcgarrigle, J. J., Omami, M., et al.

(2018). Glucosemonitor by coating the sensor with a zwitterionic polymer.Nat.

Biomed. Eng. 2, 894–906. doi: 10.1038/s41551-018-0273-3

Yang, C., Li, J., Zhu, C., Zhang, Q., Yu, J., Wang, J., et al. (2019). Advanced

antibacterial activity of biocompatible tantalum nanofilm via enhanced local

innate immunity. Acta Biomater. 89, 403–418. doi: 10.1016/j.actbio.2019.

03.027

Yang, W., Xue, H., Li, W., And, J. Z., and Jiang, S. (2009). Pursuing

“Zero” Protein Adsorption of Poly(Carboxybetaine) from Undiluted

Blood Serum and plasma. Langmuir 25, 11911–11916. doi: 10.1021/

la9015788

Yang, Y., Ramos, T. L., Heo, J., and Green, M. D. (2018). Zwitterionic

poly (arylene ether sulfone) copolymer/poly (arylene ether sulfone) blends

for fouling-resistant desalination membranes. J. Mebrane Sci. 561, 69–78.

doi: 10.1016/j.memsci.2018.05.025

Yang, Z., Mochalkin, I., Veerapandian, L., Riley, M., and Doolittle, R. F. (2000).

Crystal structure of native chicken fibrinogen at 5.5-å resolution. Proc. Natl.

Acad. Sci. U.S.A. 97, 3907–3912. doi: 10.1073/pnas.080065697

Yeung, T., Georges, P. C., Flanagan, L. A., Marg, B., Ortiz, M., Funaki, M., et al.

(2005). Effects of substrate stiffness on cell morphology, cytoskeletal structure,

and adhesion. Cell Motil. Cytoskeleton 60, 24–34. doi: 10.1002/cm.20041

Yu, L., Hou, Y., Cheng, C., Schlaich, C., Noeske, P. -L. M., Wei, Q.,

(2017). High-antifouling polymer brush coatings on nonpolar surfaces via

adsorption-cross-linking strategy. ACS Appl. Bio Mater. 9, 44281–44292.

doi: 10.1021/acsami.7b13515

Yue, C., Mei, H. C. Van Der Kuijer, R., Busscher, H. J., and Rochford, E. T. J. (2015).

Mechanism of cell integration on biomaterial implant surfaces in the presence

of bacterial contamination. J. Biomed. Mater. Res. Part A 103, 3590–3598.

doi: 10.1002/jbm.a.35502

Zaatreh, S., Wegner, K., Strau,ß, M., Pasold, J., Mittelmeier, W., Podbielski, A.,

et al. (2016). Co-Culture of S. epidermidis and human osteoblasts on implant

surfaces: an advanced in vitro model for implant- associated infections. PLoS

ONE 11, 1–16. doi: 10.1371/journal.pone.0151534

Zhang, Z., Chen, S., Chang, Y., and Jiang, S. (2006). Surface grafted

sulfobetaine polymers via atom transfer radical polymerization as superlow

fouling coatings. J. Phys. Chem. B 110, 10799–10804. doi: 10.1021/jp05

7266i

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Jesmer and Wylie. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org 15 December 2020 | Volume 8 | Article 604236

https://doi.org/10.1016/j.biomaterials.2014.11.026
https://doi.org/10.1002/marc.200800171
https://doi.org/10.3389/fbioe.2018.00158
https://doi.org/10.1111/cid.12274
https://doi.org/10.1016/S0142-9612(99)00212-4
https://doi.org/10.1016/j.actbio.2017.06.042
https://doi.org/10.1016/j.addr.2019.08.010
https://doi.org/10.1007/s00381-005-0037-8
https://doi.org/10.1021/acsami.9b09900
https://doi.org/10.1016/j.tibtech.2016.03.009
https://doi.org/10.1021/acs.langmuir.0c00996
https://doi.org/10.1182/blood.V55.1.156
https://doi.org/10.1038/s41565-018-0344-3
https://doi.org/10.1163/156856202320253938
https://doi.org/10.1021/acs.jmedchem.5b01698
https://doi.org/10.1007/978-1-60327-259-9
https://doi.org/10.1039/C9SC06155J
https://doi.org/10.1128/AEM.01139-12
https://doi.org/10.3389/fbioe.2018.00099
https://doi.org/10.1002/anie.201400546
https://doi.org/10.1116/1.4978435
https://doi.org/10.1016/j.addr.2020.06.008
https://doi.org/10.1089/ten.2005.11.1
https://doi.org/10.1002/adhm.201801451
https://doi.org/10.1016/j.biomaterials.2010.10.001
https://doi.org/10.1038/s41551-018-0273-3
https://doi.org/10.1016/j.actbio.2019.03.027
https://doi.org/10.1021/la9015788
https://doi.org/10.1016/j.memsci.2018.05.025
https://doi.org/10.1073/pnas.080065697
https://doi.org/10.1002/cm.20041
https://doi.org/10.1021/acsami.7b13515
https://doi.org/10.1002/jbm.a.35502
https://doi.org/10.1371/journal.pone.0151534
https://doi.org/10.1021/jp057266i
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Controlling Experimental Parameters to Improve Characterization of Biomaterial Fouling
	Introduction
	Non-Specific Adsorption and Adhesion
	Protein Adsorption
	Cell Adhesion to Protein Covered Surfaces
	Potential Unwanted Events Due to Cell Adhesion

	Typical Proteins and Cells Used for Fouling Experiments
	Methods for Quantifying Bulk Protein Fouling on Planar Surfaces
	SPR and QCM-D
	Ellipsometry
	Atomic Force Microscopy

	Methods for Measuring Protein Adsorption on Complex Materials
	Methods for Characterizing Unlabeled Proteins
	Extraction of Adsorbed Protein for Quantification
	Enzyme-Linked Immunosorbent Assay: Detecting Adsorbed Proteins
	Liquid Chromatography With Mass Spectrometry: Determining Adsorbed Protein Content After Extraction
	Surface Sensitive Techniques: X-Ray Photoelectron Spectroscopy and Time of Flight Secondary Ion Mass Spectrometry

	Methods for Quantifying Adsorbed Proteins Modified With Detection Labels
	Fluorescent Labels
	Radioactive Labels
	Coated AFM: Modified Tips for Selective Protein Detection


	Cellular Adhesion and Activation
	Quantifying Mammalian Cell Fouling
	High-Throughput Methods to Measure Macrophage Adhesion and Activation

	Bacterial Fouling Related to Medical Implants
	Tissue and Bacterial Cell Co-culture
	Choosing Relevant Fouling Assays

	Conclusions
	Summary
	Author Contributions
	Funding
	References


